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Available online 3 April 2011Abstract The first event of differentiation in mammalian embryogenesis is the segregation of the inner cell mass and
trophectoderm lineages in the blastocyst. Cellular and molecular events related to this process are still a controversial issue.
During the years it was thought that first allocation of blastomeres before the blastocyst stage was done in the late eight-cell
stage with the formation of inner and outer cells. Lately, many studies have pointed out that individual blastomeres at the four-
cell stage differ in their developmental properties according to their position within the embryo. In this report, we wanted to
elucidate whether these early decisions influence the production of mouse embryonic stem cell lines, so that a selective
isolation of blastomeres at the four-cell stage to derive the lines could improve the efficiency of the derivation process. Results
from blastomere tracking experiments support the idea of a different developmental potential of blastomeres within the four-
cell stage embryo. However, we also show a high plasticity in the developmental pattern of blastomeres once isolated from the
embryo, thus making all four-cell stage blastomeres equally competent to derive ESC lines.
© 2011 Elsevier B.V. All rights reserved.Introduction
Some studies have suggested an entirely symmetrical pattern
in early preimplantational development of the mouse
(Gurdon, 1992; Alarcon and Marikawa, 2003; Motosugi
et al., 2005). According to this model, the embryo would
be formed by equivalent cells dividing in a random
orientation, and differences in the developmental potential
of blastomeres would first appear at the eight-cell stage with
the formation of inner and outer cells. In this sense, the
blastocyst cavity would form at a random position, so the
embryonic–abembryonic axis would not be predetermined at
early cleavage stages.⁎ Corresponding author. Fax: +34 93 581 22 95.
E-mail addresses: Sheyla.Gonzalez@uab.cat (S. González),
Elena.Ibanez@uab.cat (E. Ibáñez), Josep.Santalo@uab.cat
(J. Santaló).
1873-5061/$ – see front matter © 2011 Elsevier B.V. All rights reserved
doi:10.1016/j.scr.2011.03.005Despite this, some evidences have pointed out to an
opposite view. As early as in the oocyte, polarity could exist
due to the organization ofmaternal transcripts in the ooplasm,
location of the polar body and sperm entry site. Moreover, a
predetermination in blastomere allocation to the embryonic or
abembryonic part of the blastocyst is thought to be present at
early cleavage development and influenced by cell–cell
adhesion, receptors and cytokines of key signaling pathways,
developmentally regulated transcription factors, epigenetics
and orientation of cleavage planes (Edwards and Beard, 1997).
Studies in lower species could be a good model to study a
premature polarity in oocytes and embryos and to elucidate
embryological rules in mammals. It is known that blasto-
meres are highly committed in some lower species such as
Caenorhabdidtis elegans (Goldstein, 1995; Watts et al.,
1996), Xenopus laevis (Gurdon, 1992; Schnabel, 1996) and
Drosophila melanogaster (Deng et al., 1997), in which early
polarity is influenced by transient maternal transcripts in the
oocyte or long-lived transcripts in the embryo and cleavage.
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lineages. However, in other species, blastomeres have an
early equal developmental potential and they respond to
signals of differentiation in later cleavage development.
Studies on mouse and human embryos suggested that the
first event towards inner cell mass (ICM) and trophectoderm
(TE) differentiation begins at the late eight-cell stage with the
formation of inner and outer cells guided by the establishment
of cell–cell contacts (tight and adherens junctions), segrega-
tion of proteins to the apical and basolateral membranes and,
finally, the generation of symmetric and asymmetric divisions
(Yamanaka et al., 2006). Despite this, many reports in
mammals, mostly on mouse and human, indicate evidence of
polarity in oocytes and early embryos related to the first and
second cleavages (Edwards and Beard, 1997). Embryo genome
activation is thought to take place between one and four
cleavage divisions but genes regulating polarity in oocytes are
less known. Gene expression is regulated by both active and
repressive mechanisms and these processes could imply
epigenetic changes in the chromatin structure. Moreover,
DNA duplication favors the binding of transcription factors to
DNA and some of them could induce blastomeres to be
committed to the ICM or TE in the blastocyst depending on
early or late cell division.
More recently, special interest has been focused on the
influence of cleavage planes in early developmental stages. It
is well known that the embryonic–abembryonic axis of the
blastocyst correlates with the animal-vegetal axis of the
zygote, so blastocyst axis could be related to early cleavage
patterning (Gardner, 1997; Ciemerych et al., 2000; Piotrowska
et al., 2001; Zernicka-Goetz, 2002; Fujimori et al., 2003;
Piotrowska-Nitsche and Zernicka-Goetz, 2005). It has been
described that the first embryonic division predicts the
blastocyst axis in most of the embryos (Piotrowska et al.,
2001; Fujimori et al., 2003; Piotrowska-Nitsche and Zernicka-
Goetz, 2005; Gardner, 2001; Piotrowska and Zernicka-Goetz,
2001) and that it occurs meridionally, within 30° of the second
polar body position (Piotrowska-Nitsche and Zernicka-Goetz,
2005). Moreover, the order of second cleavage divisions from
two- to four-cell stage is also thought to guide polarization of
the blastocyst. In mice, the most common pattern of division
(80%) is the one in which one two-cell blastomere divides
meridionally and the other divides equatorially (ME and EM
embryos) (Gardner, 2002). On this basis, Piotrowska and
Zernicka-Goetz (Piotrowska-Nitsche and Zernicka-Goetz,
2005) demonstrated that the orientation of the embryonic–
abembryonic axis of the blastocyst is only determined at early
cleavage stages when the first two-cell blastomere divides
meridionally and the second does equatorially (ME embryos).
In this case, they have observed that the early dividing
blastomere in a meridional orientation tends to contribute to
the embryonic part of the blastocyst (ICM) and the later
dividing equatorially, to the abembryonic part (TE). On the
contrary, if the first two-cell blastomere divides equatorially,
it has the same probability to contribute to ICM or TE of the
blastocyst. In embryos with two-cell blastomeres dividing in
the same orientation (EE and MM embryos), they did not
observe any correlation.
The influence of the timing and orientation of the
cleavage plane on early cell fate predetermination at the
two-cell stage has been supported by molecular experiments
on the expression profile of key transcriptional factors suchas CDX2 (Jedrusik et al., 2008), the kinetics of OCT4 (Plachta
et al., 2011) and differential epigenetic marks at the four-
cell stage (Torres-Padilla et al., 2007; Torres-Padilla, 2008).
It has been proposed that such molecular changes are
regulated by signaling pathways and microRNAs which can
act in early and late embryonic stages in order to guide or
consolidate cellular mechanisms (Kurotaki et al., 2007; Chen
et al., 2010; Zernicka-Goetz et al., 2009).
Furthermore, evidence about differences in the develop-
mental potential of single blastomeres at the four-cell stage has
been reported in studies about chimera formation (Tarkowski
et al., 2001; Piotrowska-Nitsche et al., 2005) and derivation of
human and mouse embryonic stem cell (ESC) lines (Lorthong-
panich et al., 2008; Geens et al., 2009). Tarkowski et al. (2001)
showed that only to out of four blastomeres at four-cell stage
contribute to the embryo proper and Piotrowska-Nitsche et al.
(2005) observed that earlymeridionally dividing blastomeres at
the four-cell stage have higher chances to develop to term in
experiments about chimera formation. Regarding the deriva-
tion of ESC lines, despite Van de Velde et al. (2008) showed that
all four single blastomeres of a four-cell stage human embryo
can produce pseudoblastocysts containing ICM and TE, Geens
et al. (2009) reported the derivation of human ESC lines from
only one blastomere of a four-cell human embryo. Moreover,
Lorthongpanich et al. (2008) could not produce any mouse ESC
line from single blastomeres at the four-cell stage. Thus, the
individual potential of blastomeres at the four-cell stage,
either inside the embryo or isolated, is something that needs to
be further investigated.
The aim of the present study was to determine whether
blastomeres from four-cell stage embryos of the F1 (129/
Sv×C57Bl/6) strain have a different developmental potential
within theembryo and toanalyze if this early predetermination
influences the derivation efficiency of mouse ESC lines from
isolated blastomeres at this stage. In this sense, the selective
use of blastomeres at the four-cell stage that would be later
allocated to the ICM of the blastocyst could increase the
derivation efficiency if the developmental potential of isolated
blastomeres is the same as within the embryo. Moreover, ESC
lines could be a model to study the mechanisms underlying
pluripotency if these early fate decisions are translated to the
derivation of ESC lines.Wepresent a preliminary study that, for
the first time, transfers the differences in the allocation of
blastomeres from early embryos according to the timing and
orientation of cleavage planes, to the ESC field. For this
purpose, mouse ESC lines have been derived from first and
second dividing blastomeres of two-cell stage embryos to
elucidate differences in the ESC derivation efficiency depend-
ing on the cleavage timing. Moreover, the ESC derivation
efficiency from the first two-cell dividing blastomere in an
equatorial or meridional orientation has been compared.
Finally, all isolated blastomeres from four-cell stage embryos
have been allowed to develop into a pseudoblastocyst to
observe differences in the proportion of ICM and TE cells.Results
Lineage tracing experiments
Blastomere tracing experiments were performed using a
lipophilic and fluorescent red dye, DiI, to elucidate whether
Figure 1 Panel A. DiI labeling experiments in three-cell stage embryos dividing in an equatorial (A–C) or meridional orientation
(D–F). A. Labeled undivided blastomere from a three-cell stage embryo dividing in an equatorial orientation. B. Blastocyst with the
ICM preferentially labeled (TE fate). C. Equivalent proportion of labeled ICM and TE cells. D. Labeled undivided blastomere from a
three-cell stage embryo dividing in a meridional orientation. E. Blastocyst with the TE preferentially labeled (ICM fate). F. Equivalent
proportion of labeled ICM and TE cells. Arrows indicate polar bodies position (Pb out of focus). Arrowheads point to oil droplets
remaining in the embryos after dye labeling. ICM of blastocysts are marked with a dotted circle. Panel B. DiI labeled (red) blastocysts
immunostained with Cdx2 marker (green) and counterstained with Hoechst (blue). A. Red labeling preferentially distributed in the ICM
(TE fate). B. Red labeling preferentially distributed in the TE (ICM fate). C. Equivalent proportion of labeled ICM and TE cells.
D. Control blastocyst not labeled with DiI immunostained with the ICM marker Oct4 (red). Scale bar: 50 μm.
56 S. González et al.four-cell blastomeres from 129/Sv×C57Bl/6F1mouse embryos
exhibit a bias to be allocated to either the embryonic or
abembryonic part of the blastocyst depending on the timing
and the cleavage plane orientation (equatorial or meridional)
at the two-cell stage. At the three-cell stage, the blastomeres
that cleaved first were left unlabeled and the uncleaved
blastomere was labeled with DiI, so blastomeres of interest
were the non-dyed ones resulting from the first dividing
blastomere at the two-cell stage (Fig. 1, Panel A). Blastocysts
derived from embryos in which the two- to three-cell stage
cleavage division was equatorial were designated as ETable 1 Distribution of the red DiI in 129/Sv×C57Bl/6F1 mouse
Embryo groups n % labeled
survived
embryos (n)
n analyzed
blastocysts
% ICM
fate (n)
% TE
fate
Control two-cell 10 - 10 - -
Labeled three-cell
(equatorial)
109 51.4 (56)
22 11.6 (3)a 50.0
Labeled three-cell
(meridional)
24 37.5 (9)a 16.7
a,b Values with different superscripts within the same row differ signif
column do not differ significantly.blastocysts whereas the ones derived from a meridional
division were designated as M blastocysts. Blastomeres at the
three-cell stage resulting from the first cleavage in an
equatorial orientation were designated as 2/3E blastomeres
and those from a meridional division as 2/3M blastomeres.
Examples of dyed labeled 2/3E and M blastomeres and
blastocysts are shown in Fig. 1, Panel A.
By recreating the lineage tracing method described by
Piotrowska et al. (2001) we have found a reduced viability of
labeled embryos of this strain since only 51.38% of the embryos
survived after the first 24–48 h (Table 1). Despite all culturedblastocysts according to the orientation of the division plane.
(n)
% ICM and
TE fate (n)
Mean of ICM
cells (±SEM)
Mean of TE
cells (±SEM)
Mean of total
cells (±SEM)
- 13 (±0.68) 42.7 (±1.81) 55.7 (±2.27)
(11)b 36.4 (8)ab 13.7 (±0.71) 35.8 (±2.61) 49.54 (±2.35)
(4)a 45.8 (11)a 12.9 (±0.68) 36.3 (±1.92) 49.29 (±1.92)
icantly (pb0.05). For means comparison, values within the same
Table 2 Mouse embryonic stem cell derivation efficiency
from different number of isolated blastomeres, embryonic
stage and orientation of the cleavage plane.
Derivation
group
n % outgrowths
(n)
% ESC lines derived
and positive for
pluripotency
markers (n)
1/3 38 71.0 (27)a 10.5 (4)ab
1/4 36 69.3 (23)a 8.3 (3)ab
2/3 (E+M) 104 86.5 (90)b 18.3 (19)bc
2/3E 34 88.6 (31)b 17.6 (6)bc
2/3M 41 90.2 (37)b 14.6 (6)ab
2/4 112 92.0 (103)b 20.5 (23)bc
4/4 76 92.1 (70)b 54.0 (24)c
a,b,c Values with different superscripts within the same column
differ significantly (pb0.05).
57Influence of early fate decisions at the two-cell stage on the derivation of mouse ESC linesblastocysts appeared to be of similar size, after immunostain-
ing with the TEmarker CDX2 and counterstaining with Hoechst
(Fig. 1, Panel B), 46 (82.14%) of the E and M blastocysts
contained a mean number of ICM, TE and total cells similar to
control blastocysts (Table 1) and similar to data described by
other authors (Geens et al., 2009), thus evidencing that in the
remaining17.86% of E and M blastocysts the dye produced a
reduction in the division capacity of labeled blastomeres. This
reduction in the division capacity was also evidenced by a
restricted distribution of the red dye in one or few blastomeres
of the blastocyst, making these blastocysts easily recognizable
to be excluded from the analysis. According to this, we
considered that blastocysts suitable to be evaluatedmust have
a similar mean number of ICM, TE and total cells as controlFigure 2 ESC derivation process from 2/3E (A–D), 2/3M (E–H) and
onto the feeder cell monolayer. B, F, J. 7-day outgrowths. C, G, K.blastocysts and a scattered distribution of the red dye,
indicating that the DiI had not stopped the division capacity
of the labeled blastomere. Therefore, after analysing the
distribution of the red dye in evaluable blastocysts immunos-
tained with CDX2 marker, 2/3E blastomeres were allocated to
the ICM in 11.64% of the blastocysts, 50% to the TE and 36.36%
to both ICM and TE. By contrast, 2/3M blastomeres were
allocated to the ICM of 37.50% of the blastocysts, 16.67% to the
TE and 45.83% to both ICM and TE (Table 1). These data
revealed statistical significant differences between dyed
blastomeres allocated to the ICM and TE only in E blastocysts
(p=0.0217), indicating a predisposition of 2/3E blastomeres to
be allocated to the abembryonic part of the blastocyst. By
contrast, in M blastocysts, no significant differences were
found when comparing the allocation to ICM or TE of the dyed
blastomeres, despite the percentage of blastomeres allocated
to the ICM was higher than the one to the TE.
Influence of the cleavage plane orientation on the
production of mouse ESC lines
Mouse ESC lines were derived from isolated blastomeres at
early three- and four-cell stages to determine whether early
embryonic decisions influence ESC derivation efficiency
(Table 2). First, we wished to elucidate whether the first
dividing blastomere at the two-cell stage yields higher
derivation efficiencies than the second one. Comparisons
between different number of isolated blastomeres at the same
embryonic stage (1/3 vs. 2/3 blastomeres at the three-cell
stage and 1/4 vs. 2/4 at the four-cell stage) were done to
assess whether blastomere communication or the remaining
embryo volume has any effect on the contribution of
blastomeres from the same embryonic stage to the embryonic2/4 blastomeres (I–L). A, E, I. Pseudoblastocysts formed at 72 h
20-day ESC-like colonies. D, H, L. ESC lines. Scale bar: 100 μm.
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embryos were used as a control group.
All blastomeres in the ESC derivation medium developed
into a pseudoblastocyst in 3–4 days (Fig. 2A, E and I). ESC
lines were established from all derivation groups with an
efficiency ranging from 8.3% to 54.0% (Table 2). Fig. 2 shows
examples of the establishment of ESC lines in culture from 2/
3E (Fig. 2A–D), 2/3M (Fig. 2E–H) and 2/4 (Fig. 2I–L)
derivation groups. An example of immunostaining for the
detection of pluripotency markers is shown in Fig. 3, Panel A.
Comparisons between derivation groups with an equal
number of isolated blastomeres but a different embryonic
stage (1/3 vs. 1/4 and 2/3 vs. 2/4), revealed similar
efficiencies of ESC derivation, showing that three- and
four-cell stages are equally efficient to produce ESC lines
when they are established from isolated blastomeres and
that first and second dividing blastomeres at the two-cell
stage also produce similar ESC derivation efficiencies
(Table 2). Similarly, comparisons between derivation groups
which differ in the number of isolated blastomeres but share
the same embryonic stage (1/3 vs. 2/3, 1/4 vs. 2/4, 1/4 vs.
4/4 and 2/4 vs. 4/4) showed equivalent derivation efficien-
cies, except for 1/4 vs. 4/4 (p=0.0085) (Table 2). Thus,Figure 3 Panel A. Immunofluorescence detection of pluripotency m
blastomeres (I–L). A, E, I. Hoechst counterstaining. B, F, J. ESC lines
for Nanog or Sox2 pluripotency markers. D, H, L. Merge images. Panel
blastomeres showing the expression of Oct4 and Nestin (A), Oct4 andifferences exist in ESC derivation rates depending on the
number of isolated blastomeres used to start the derivation
process, but only when the proportion of the embryo volume
used is a quarter at the four-cell stage.
Next, we wanted to determine whether the first dividing
blastomere at the two-cell stage in an equatorial (2/3E) or
meridional (2/3M) orientation produced different ESC
derivation efficiencies, as seem to occur with blastomere
destination during normal preimplantational development. If
this was true, mouse ESC derivation efficiency could be
increased by selective blastomere removal.
No statistical significant differences in the ESC derivation
efficiency from2/3Eor 2/3Mblastomereswere found (Table 2),
indicating that differences found in normal preimplantational
development related to the orientation of the first dividing
blastomere at the two-cell stage are not translated to the
process of ESC derivation from isolated blastomeres.In vitro differentiation experiments
In vitro differentiation experiments were performed to further
test pluripotency of the ESC lines derived and to ascertainarkers in ESC lines derived from 2/3E (A–D), 2/3M (E–H) and 2/4
positive for Oct4 pluripotency marker. C, G, K. ESC lines positive
B. Immunostaining of an in vitro differentiated ESC line from 2/4
d AFP (B) and Oct4 and α-SMA (C). Scale bar: 100 μm.
Figure 4 Pseudoblastocyst formation from 2/3E, 2/3M and 2/4
blastomeres. A. three-cell stage embryo from first dividing
blastomere at the two-cell stage in an equatorial orientation
(2/3E). B. three-cell stage embryo from first dividing blastomere
at the two-cell stage in a meridional orientation (2/3M). C. Two
blastomeres from a three-cell stage embryo derived from first
dividing blastomere at the two-cell stage (2/3 blastomeres).
D. Two blastomeres inside the zona pellucida from a four-cell
stage embryo derived from the second cleavage division at the
two-cell stage (2/4 blastomeres). E. Pseudoblastocyst derived
from 2/3 blastomeres. F. Pseudoblastocyst derived from 2/4
blastomeres inside the zona pellucida. Arrowheads indicate polar
body position. Arrows point to ICM. Scale bar: 50 μm.
Table 3 Analysis of the mean number of ICM, TE and total
cells in mouse pseudoblastocysts derived from 2/3E, 2/3M
and 2/4 blastomeres.
Blastomere
group
n Mean number
ICM cells
(±SEM)
Mean
number TE
cells (±SEM)
Mean number
total cells
(±SEM)
2/3E 37 4.9 (±0.36) 14.6 (±1.41) 19.5 (±1.59)
2/3M 41 4.7 (±0.34) 17.7 (±1.13) 22.4 (±1.31)
2/4 64 5.2 (±0.34) 17.4 (±1.13) 22.3 (±1.29)
Values within the same column do not differ significantly.
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ation potential depending on the derivation groups fromwhich
they originate (Fig. 3, Panel B). These experiments were
performed in one representative ESC line from each derivation
group analyzed. Results showed no differences in the
expression of differentiation markers of cells of the three
germ layers (Nestin of ectoderm, AFP of endoderm and α-SMA
of mesoderm) indicating a similar capacity to differentiate in
vitro to cells of early stages of differentiation.Figure 5 Immunostaining of pseudoblastocyst for the detection
of the ICM (Oct4, red) and TE (Cdx2, green). A–B. Pseudoblasto-
cysts from 2/3E blastomeres. C–D. Pseudoblastocysts from 2/3M
blastomeres. E–F. Pseudoblastocysts from 2/4 blastomeres. Scale
bar: 50 μm.Individual developmental potential of isolated
blastomeres at the four-cell stage depending on
the timing and orientation of the first cleavage plane
Once isolated from the embryo and cultured in KSOM
EmbryoMax® medium, 2/3E, 2/3M and 2/4 blastomeres
(Fig. 4A–D) developed into a pseudoblastocyst at 72 h
(Fig. 4E–F) and, at this point, they were fixed to be
processed for immunostainning and evaluate differences in
the mean number of ICM and TE cells depending on the
timing and the orientation of the cleavage plane (Table 3).With this approach, we wanted to elucidate whether isolated
2/3E, 2/3M and 2/4 blastomeres follow the same trend as
blastomeres inside the embryo in terms of blastomere
allocation to ICM or TE lineage or, otherwise, they follow
another developmental pattern and results correlate with
those found for the ESC derivation.
Immunostaining for the detection of OCT4 and CDX2
markers confirmed the presence of ICM and TE cells,
respectively, in all pseudoblastocysts formed from the
three groups of blastomeres (Fig. 5). Comparisons between
pseudoblastocysts from 2/3E, 2/3M and 2/4 blastomeres
revealed no significant differences in the mean number of
ICM or TE cells (Table 3), indicating that blastomeres are not
preferentially allocated to the ICM or TE depending neither
on their cleavage timing (early or late dividing two-cell
60 S. González et al.blastomeres) nor on the orientation of the cleavage plane of
the first two-cell dividing blastomere.Discussion
In this study, we aimed to assess the relationship between the
production of ESC lines from single blastomeres and blasto-
mere preferential allocation to the ICM or TE in the blastocyst
according to the timing and orientation of cleavage divisions at
the two-cell stage.
ESC lines are typically derived from the ICMof the blastocyst
(Williams et al., 1988; Brook and Gardner, 1997); however,
during yearsmany groups have tried to derive them fromearlier
embryonic stages, as blastomeres are considered to have a
higher developmental potential than blastocyst cells, so they
could have a higher potential to produce ESC. On the other
hand,many reports have correlated the orientation of cleavage
division at early embryonic stages with the future allocation or
commitment of blastomeres to the ICMor TE lineages. Thereby,
it has been suggested that the first blastomere at the two-cell
stage dividing in ameridional orientation tends to contribute to
the embryonic part of the blastocyst (Torres-Padilla et al.,
2007; Piotrowska-Nitsche et al., 2005). If this is the case and
blastomere behavior after isolation remains the same as within
the embryo, this blastomere should provide a higher efficiency
of ESC derivation than the other two-cell blastomere.
Experiments on blastomere tracking performed in our study
evidenced that blastomeres from 129/Sv×C57Bl/6F1 strain
seemtobemore sensitive toDiI labeling treatment as reported
by Piotrowska et al. (2001) in C57Bl/6×CBA F1 embryos. 2/3E
blastomeres were preferentially allocated to the TE whereas
2/3M blastomeres did not exhibit a tendency for a preferential
allocation in the blastocyst, despite the percentage of cells in
the ICM was higher than in the TE. As previously mentioned,
Piotrowska and co-workers (Piotrowska-Nitsche et al., 2005)
reported an early form of allocation of blastomeres in C57Bl/
6×CBA F1 blastocysts. Although our results do not show the
same trend for 2/3M blastomeres to be allocated to the
embryonic part of the blastocyt, these differences may be
attributed to the strain used. Support to this hypothesis of a
developmental bias at early cleavage stages has been provided
by molecular experiments. In these studies, it has been shown
that in four-cell mouse ME and EM embryos in which the
developmental pattern is predictable, first dividing blasto-
meres coming from an equatorial division tend to express
higher levels of CDX2 transcription factor, specific of TE cells in
the blastocyst (Jedrusik et al., 2008). Moreover, first dividing
blastomeres from a meridional division, exhibiting higher
methylation levels in H3 arginine, are preferentially allocated
to the ICM. CARM1, which is themethyltransferase responsible
for this methylation, maintains blastomere pluripotency by
activating pluripotency genes such as Sox2 and Nanog (Torres-
Padilla et al., 2007; Torres-Padilla, 2008).More recently, it has
been described that blastomereswith highly immobile fraction
of nuclear OCT4 tend to undergo asymmetric divisions so they
contribute significantly more cells to the ICM (Plachta et al.,
2011). It would be interesting to further study whether OCT4
kinetics correlates with molecular studies on Cdx2 transcrip-
tional profile and epigenetic modifications and its relationship
with the timing and orientation of cleavage divisions at the
two-cell stage.Establishment of ESC lines performed in our study
revealed no significant differences when analyzing the effect
of the cell number in the same embryonic stage (1/3 vs. 2/3
and 1/4 vs. 2/4) indicating that differences in terms of cell
volume and/or cell communication are not relevant enough
to produce differences in the efficiency of ESC derivation at
these stages. By contrast, the comparison 1/4 vs. 4/4
produced differences in the derivation capacity, showing
that the increase in the cell number in this case is important
enough to produce differences in the ESC derivation
efficiency. Earlier studies on the analysis of the develop-
mental potential of 1/4 and 1/8 blastomeres in the pre- and
postimplantational development suggested that a minimum
number of ICM cells (probably greater than 3) in blastocysts is
required for successful postimplantation embryonic devel-
opment (Rossant, 1976; Snow, 1976). In this sense, the lower
the number of isolated blastomeres, the lower the chance to
produce an ESC line. Our previous results (Gonzalez et al.,
2010, in press) suggested an influence of the cell–cell
communication on the ESC derivation capacity when starting
from isolated blastomeres at the eight-cell stage. However,
this effect cannot be detected at earlier stages, such as the
four-cell stage, according to the results of the present study.
It is well known that cell–cell communication at early stages
is mediated by simple apposition between blastomeres’
membranes (non-specific intercellular junctions) since spe-
cific intercellular junctions such as gap or adherents
junctions are formed at the late eight-cell stage (Fleming
et al., 1993), so such communication should not be a crucial
aspect in the ESC derivation at the four-cell stage and may be
established after few divisions. Moreover, no significant
differences were found neither in the ESC derivation
efficiency from early and late dividing blastomeres at the
two-cell stage nor from the first dividing isolated blastomere
at the two-cell stage, either in an equatorial or meridional
cleavage plane. Thus, differences seen in the developmental
potential of 2/3E and 2/3M blastomeres during preimplanta-
tional development are not translated to the process of ESC
derivation.
The lack of correlation between ESC derivation efficiency
and both the moment when the cleavage at two-cell stage
occurs and the cleavage plane orientation could be related
to the isolation of blastomeres prior to the derivation of the
lines. It is well known that the developmental program is so
flexible that blastomere fate can be changed when sub-
jected to experimental manipulation such as isolation from
the embryo or blastomere reaggregation, situations that
disturb blastomere environment (niche) inside the embryo.
Individual potential of blastomeres inside the embryo
depends on morphological, molecular and epigenetic
changes which play a central role at specific moments of
the preimplantational development (Yamanaka et al., 2006;
Marikawa and Alarcon, 2009). Once a single blastomere is
removed from the embryo, morphological aspects such as
position of blastomeres and cell–cell contacts are disturbed,
so it is possible that the isolated blastomere has enough
plasticity to readdress its developmental program by
entering a transient moment of a higher developmental
potential than within the embryo that could favor ESC
derivation. But blastomere fate, as previously mentioned, is
also guided by molecular aspects such as transcription
factors and epigenetic marks. If these molecular footprints
61Influence of early fate decisions at the two-cell stage on the derivation of mouse ESC linesremained stable in the isolated blastomere, i.e., a predom-
inant expression of characteristic ICM or TE transcription
factors or non-modified epigenetic marks, they would
continue guiding the isolated blastomeres to their initial
fate inside the embryo.
Our findings show no differences when deriving ESC from
2/3E, 2/3M and 2/4 blastomeres, suggesting that the
developmental program related to early blastomere fate is
highly flexible. The change in the developmental potential of
early blastomeres once isolated from the embryo could be
due to various reasons. First, morphological aspects of the
developmental program at early stages could have higher
relevance once blastomeres are isolated from the embryo so
that the remaining molecular marks were not decisive
enough to direct blastomere fate. Second, isolated blasto-
meres could alter their molecular profile by erasing epigenetic
marks or by a redistribution of “animal” and “vegetal”
components so that isolated blastomeres are equally prone to
go to either ICM or TE. Third, later aggregation of isolated
blastomeres in terms of position and cell–cell contact, once
they have begun to proliferate to form the pseudoblastocyst or
the outgrowth, could redirect the developmental program of
the isolated blastomeres. In this sense, it would be logical to
find a similar efficiency of ESC-like outgrowths or ESC lines
production from 2/3 and 2/4 blastomeres, regardless of their
cleavage plane orientation or the embryonic stage (three- or
four-cell stage), as shown in our results.
We wanted to further analyze differences between ESC
lines derived from these groups of blastomeres by the in vitro
differentiation experiments. We did not detect differences
regarding to the expression of differentiation markers since
all ESC lines analyzed showed expression of early differen-
tiation markers to cells of the three germ layers. Further
analysis such as chimeric contribution and germline trans-
mission of the ESC lines will be of interest to address possible
differences between ESC lines derived from these groups of
blastomeres. Immunostaining of pseudoblastocysts, based on
the expression of a stem cell marker, was performed to
determine whether each isolated blastomere was equally
able to form a visible ICM and, thus, produce an ESC line.
Data obtained from this experiment correlate with the
aforementioned results about ESC derivation since 2/3E, 2/
3M and 2/4 blastomeres showed equal competence to form
ICM cells, the cell lineage that will give rise to ESC lines.
Moreover, pseudoblastocysts formed contained similar mean
numbers of ICM and TE cells, further confirming the plasticity
and the acquisition of a higher developmental potential once
blastomeres are isolated from the embryo based on the
premises discussed above. These results are consistent since
all of these groups developed into a pseudoblastocyst
starting from the same number of isolated blastomeres and
they are derived from embryos at equivalent developmental
stages, three- and four-cell stages which originate from an
asynchrony of cleavage divisions at the two-cell stage to give
rise to four-cell stage embryos. Our data are in concordance
with the study reported by Piotrowska-Nitsche et al.(2005) in
which they propose that all four-cell blastomeres can have
full developmental potential although they differ in their
individual developmental properties within the embryo.
Despite this, our results do not agree with those reported
by Lorthongpanich et al. (2008) as they observed that not all
single blastomeres from two- and four-cell stages of outbredCD-1 mouse embryos were able to form ICM cells. This
discordance between both studies could be due to the use of
a different mouse strain since it is well known that the inbred
mouse strain 129/Sv provides the highest efficiencies of ESC
derivation (Tesar, 2005; Wakayama et al., 2007), thus being
the most commonly used strain to derive mouse ESC lines.
Moreover, unlike in our study, Lorthongpanich et al. (2008)
used SOX2 as an ICM and stem cell marker. Despite SOX2 is
expressed in a similar manner as OCT4 in these cells, OCT4
expression is thought to be higher in ICM cells (Koestenbauer
et al., 2006). Differences in expression and detection
thresholds of both pluripotency makers in the ICM of
pseudoblastocysts may also explain differences found be-
tween both studies.
Similarly, our results differ from those of Wakayama et al.
(2007) showing that not all four blastomeres of a four-cell
stage embryo were able to produce an ESC line, although this
conclusion was obtained after analyzing only three embryos.
Moreover, the analysis of the derivation efficiency in our
present work does not seem to support this assertion.
Our study further shows that not all pseudoblastocysts,
despite having ICM cells, are able to produce an ESC line, so
the presence of ICM cells does not guarantee the derivation
of an ESC line. In this sense, differences in the competence of
blastomeres to produce ESC lines could arise during the
process of ESC derivation. Thus, we suggest that the analysis
of the presence of ICM cells in pseudoblastocysts originated
from the same number of isolated blastomeres at the same
embryonic stage based on the expression of ESC markers is
not an accurate method to analyze the different capability of
these blastomeres to produce an ESC line.Conclusions
Experiments on blastomere tracking showed that 2/3E
blastomeres were preferentially allocated to the TE whereas
descendants of 2/3M blastomeres did not exhibit a clear
tendency for a preferential allocation in the blastocyst.
Despite this, experiments on derivation of mouse ESC lines
and immunostaining of ICM and TE cells in the pseudoblasto-
cysts showed that differences in the timing and orientation of
cleavage divisions in two-cell stage embryos during normal
preimplantation development are not translated to differ-
ences in blastomere fate once they are isolated from the
original embryo. Thus, all blastomeres collected at the four-
cell stage have equal chances to produce an ESC line due to the
high plasticity they exhibit once isolated from the embryo.Material and methods
Embryo collection
Mouse embryos were collected from F1 (129/Sv×C57Bl/6)
females (Brook and Gardner, 1997). Prior to mating, females
were induced to superovulate by intraperitoneal injection of
5 IU of pregnant mare serum gonadotrophin (PMSG; Intervet,
Alcobendas, Madrid, Spain) followed by 5 IU of human
chorionic gonadotrophin (hCG; Farma-Lepori, Barcelona,
Spain) 48 h later. Embryos at the two-cell stagewere collected
48 h after the hCG injection by flushing the oviducts with
62 S. González et al.Hepes-buffered KSOM medium and cultured in KSOM Embry-
oMax® medium (Millipore, Madrid, Spain) at 37 °C under 5%
CO2 until three- and four-cell stages were reached.Blastomere labeling
In blastomere tracking experiments, uncleaved blastomeres
from three-cell stage embryos were labeled with a lipophilic
and fluorescent red dye, DiI (Molecular Probes, Prat de
Llobregat, Barcelona, Spain), following the protocol de-
scribed by Piotrowska et al. (2001), a non-invasive method
that avoids blastomere injection and that, according to these
authors, does not disturb the order of division. In this sense,
blastomeres of interest were the two resulting from the first
dividing blastomere at the two-cell stage which were not
labeled with the red dye. This analysis was performed in this
way due to the easiness of labeling a single non-divided
blastomere at the three-cell stage instead of labeling two
blastomeres to differentiate blastomeres originated from
the first and second cleavage division at the two-cell stage.
Briefly, DiI was dissolved in virgin olive oil at 65 °C during
15 min to make a 2 mg/ml concentrated solution. After-
wards, a DiI droplet of about 10 μm was expelled by pressing
the tip of a 5.5 μm human ICSI micropipette (Cook,
Barcelona, Spain) against the blastomere membrane after
making a hole in the zona pellucida of the embryos with the
same pipette. The lipophilic dye was progressively absorbed
by the blastomere membrane while the oil droplet remained
in the perivitelline space. After dye labeling, embryos were
cultured in KSOM EmbryoMax® medium and classified
according to the orientation of the cleavage plane (equato-
rial or meridional) of the first dividing blastomere until the
blastocyst stage. Non-labeled embryos at the two-cell stage
were also cultured in KSOM EmbryoMax® medium until the
blastocyst stage as a control group for the dye-labeled
embryos. Labeled embryos were first analyzed using an
inverted microscope (Olympus IX71, Barcelona, Spain) fitted
with a specific filter for Cy3 to evaluate the blastocyst rate
and the distribution of dyed and non-dyed cells. Digital
images were acquired with a camera (DP-20; Olympus,
Barcelona, Spain) on Cell A software (Olympus, Barcelona,
Spain).
Later, immunofluorescence for the detection of the TE
marker CDX2 was performed as a complementary method to
analyze in more depth the distribution of the red dye and to
examine differences in number of ICM, TE and total cells
between control and labeled blastocysts. Blastocysts were
fixed during 15 min in 4% paraformaldehyde (Sigma-Aldrich,
Madrid, Spain) and incubated overnight at 4 °C in a block
solution containing 0.5% Triton X-100 (Sigma-Aldrich, Ma-
drid, Spain), 3% goat serum (Sigma-Aldrich, Madrid, Spain)
and 0.2% sodium azide (Sigma-Aldrich, Madrid, Spain) in a
PBS solution. Incubation with a mouse monoclonal CDX2
primary antibody (1:100; BioGenex MU392A-UC, Barcelona,
Spain) was also performed overnight at 4 °C and then, a
chicken anti-mouse Alexa Fluor 488 secondary antibody
(Molecular Probes A-21200, Prat de Llobregat, Barcelona,
Spain) was added at 6 μg/ml for 2 h at room temperature.
Samples were washed in block solution after incubation with
either primary or secondary antibodies. Finally, Hoechst
33258 (Invitrogen, Prat de Llobregat, Barcelona, Spain) at10 μg/ml was used as a nuclear counterstain. Afterwards,
little pressure was exerted on the samples to make a 2D
projection of the blastocyst's cells to ease cell counting,
avoiding the use of a confocal microscope or the disaggre-
gation of cells. Samples were examined with an epifluores-
cence microscope Olympus Bx41 and an image capture and
analyzing system (Isis software 5.3.3 version; Metasystems,
Barcelona Spain).
Blastomere isolation
Groups of one and two blastomeres from three- and four-cell
stage embryos (1/3–2/3 and 1/4–2/4 blastomeres, respec-
tively) were isolated by micromanipulation in a PBS solution
(Handyside et al., 1989). The zona pellucida was disrupted
with a 10 μm drilling micropipette containing Tyrode's acid
solution and individual blastomeres were aspirated with a
30 μm diameter micropipette.
Preparation of feeder cells
Prior to experiments of ESC derivation, STO mouse embryo
fibroblasts (ECACC, Salisbury, UK) were inactivated with
10 μg/ml mitomycin C (Invitrogen, Prat de Llobregat, Barce-
lona, Spain) during 3 h to produce feeder cells (Martin and
Evans, 1975). The feeder cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM; Invitrogen, Prat de Llobregat,
Barcelona, Spain) supplemented with 15% fetal calf serum
(FCS; Invitrogen, Prat de Llobregat, Barcelona, Spain).
Establishment of ESC lines
ESC lines were derived following the protocol described by
Wakayama et al. (2007) from the groups indicated in Fig. 6.
Briefly, isolated blastomeres and whole four-cell stage
embryos were seeded in 50 μl culture drops coatedwith feeder
cells and cultured in a defined DMEM medium supplemented
with 100 μM 2-β-mercaptoethanol (Invitrogen, Prat de Llobre-
gat, Barcelona, Spain), 1 mM L-glutamine (Invitrogen, Prat de
Llobregat, Barcelona, Spain), 1× non-essential aminoacids
(Invitrogen, Prat de Llobregat, Barcelona, Spain), 103 units/
ml leukemia inhibitory factor (LIF; Millipore, Madrid, Spain),
20% Knockout Serum Replacement (KSR; Invitrogen, Prat de
Llobregat, Barcelona, Spain) and 0.1 mg/ml adrenocorticotro-
pic hormone (ACTH; Sigma-Aldrich, Madrid, Spain). Blasto-
meres or embryos were kept in culture until outgrowths of
embryonic cells were observed. From this point, ESC-like
clumps were subcultured approximately during seven passages
until ESC lineswereconsidered to bedefinitively establishedby
morphological criteria of the colonies.
ESC lines characterization
ESC lines were characterized following two criteria. First,
colonies were selected based on their morphology. Rounded
cells inside a well-defined colony at the edge without visible
differentiated cells were classified as ESC-like. Later, ESC-
like colonies with this morphology were immunostained with
primary antibodies such as rabbit polyclonal anti-NANOG
(1:200; Abcam ab21603, Cambridge, UK), mouse monoclonal
Figure 6 Schematic representation of groups of isolated blastomeres used in experiments about derivation of ESC lines and
pseudoblastocyst formation.
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and a rabbit polyclonal anti-SOX2 (1:200; Millipore AB5603,
Madrid, Spain) to assess pluripotency. The immunofluores-
cence protocol followed was the same described for CDX2
detection in blastocysts, except that permeabilization in
block solution was performed during 30 min and washes were
done using a 1× PBS solution instead of block solution.
Secondary antibodies used were chicken anti-mouse IgG
Alexa Fluor 488 and goat anti-rabbit IgG Alexa Fluor 594
(Molecular Probes, Prat de Llobregat, Barcelona, Spain).
Samples were analyzed with an epifluorescence microscope
Olympus BX41 and an image capture and analyzing system
(Isis software 5.3.3 version; Metasystems, Barcelona, Spain).
Only immunofluorescence-confirmed ESC lines were
considered for the calculation of ESC derivation rates.
In vitro differentiation
ESC lines derived were subjected to differentiating culture
conditions to produce differentiated cells of the three germ
layers (ectoderm, endoderm and mesoderm) with the aim of
further confirming pluripotency and differences in the
differentiation capacity among ESC lines depending on
their origin. Briefly, undifferentiated ESC lines were pas-
saged to a LIF- and feeder-free dish pre-coated with gelatin
(Sigma-Aldrich, Madrid, Spain) and the KSR was replaced
with FCS to favor differentiation. The culture medium was
replaced every 2 days and, after 1 week approximately, the
lines were fixed for immunofluorescence analysis.
Characterization of in vitro differentiated ESCs
In vitro differentiated ESC lines were characterized through
the expression of markers of the three germ layers. The
primary antibodies used for the detection of these markerswere the rabbit polyclonal anti-NESTIN (neuroepithelial stem
cell protein; 1:250 Abcam ab5968, Cambridge, UK) of the
ectodermal layer, the rabbit polyclonal anti-AFP (alpha-
fetoprotein; 1:400 Dako A0008, Sant Cugat del Vallès,
Barcelona, Spain) of the endodermal layer and the chicken
monoclonal anti-α-SMA (α-smooth muscle actin; 1:400
Sigma-Aldrich A5228, Madrid, Spain) of the mesodermal
layer. Secondary antibodies used were chicken anti-mouse
IgG Alexa Fluor 488 and goat anti-rabbit IgG Alexa Fluor 594.
The immunofluorescence protocol followed was the same as
in the characterization of the undifferentiated ESC lines.
Pseudoblastocyst analysis
Two blastomeres from a three-cell stage embryo divided
equatorially (2/3E) and meridionally (2/3M) and two blasto-
meres from a four-cell stage embryo (2/4) derived from the
second two-cell stage division were cultured in KSOM
EmbryoMax® medium at the same time until pseudoblasto-
cysts were formed at 72 h (Fig. 6). At this point, pseudoblas-
tocysts were fixed and immunostained for OCT4 and CDX2
markers to analyze the mean number of ICM and TE cells,
respectively. Immunofluorescence protocol was exactly the
same as the one used for blastocysts but after the incubation
with the secondary antibody for the detection of CDX2, a
second incubation with a rabbit polyclonal anti-OCT4 antibody
(1:50; Santa Cruz sc-9081, Heidelberg, Germany) during 1 h
and 30 min was performed at room temperature. The
detection with the corresponding anti-rabbit secondary
antibody at 6 μg/ml was done during 30 min at room
temperature. Afterwards, little pressure was exerted on the
samples tomake a 2Dprojection of the pseudoblastocyst's cells
to ease cell counting and they were analyzed with an
epifluorescence microscope Olympus BX41 and an image
capture and analyzing system (Isis software 5.3.3 version;
Metasystems, Madrid, Spain).
64 S. González et al.Statistical analysis
Data were analyzed using X2 and Fisher exact test for
proportions and Student's t-test for mean comparisons using
the GraphPad InStatTM program (La Jolla, CA, USA). Values
with a Pb0.05 were considered statistically significant.
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